Tensile tests and strain rate jump tests have been carried out at low temperatures (77 K $ room temperature (RT)) using pure Cu specimens that were severely deformed by accumulative roll bonding (ARB). The dependence of the flow stress on the temperature and the strain rate has been investigated and the strain rate sensitivity m and its variation caused by the change in the ARB cycle N are discussed. At RT, the strain rate sensitivity for N 4 stays at about 0.005. However, for N ! 5, m increases with increasing N to become $0:018 when N ¼ 8. The deformation mechanisms of the ARB processed Cu are discussed with the activation volume V Ã . The temperature dependence of V Ã and its variation with increasing N are also discussed.
Introduction
The strain rate dependence of flow stress in ultra-fine grained (UFG) and nanocrystalline (NC) materials has been investigated extensively. [1] [2] [3] [4] The higher strain rate dependence of the flow stress of UFG and NC materials compared with that of conventional materials has been reported at room temperature (RT). However, little is known about the temperature dependence of the flow stress in UFG materials prepared by severe plastic deformation (SPD) processes. 1) Although models to describe characteristic mechanical properties of UFG materials have been proposed, [3] [4] [5] [6] [7] experimental studies are still necessary to discuss the deformation mechanisms.
The accumulative roll bonding (ARB) is one of the SPD processes. 8) This process provides homogeneous nanostructures and large bulky metallic materials. 9) In the present study, tensile tests and strain rate jump tests at low temperatures are made for ARB processed pure Cu. The strain rate sensitivity as well as activation volume obtained by the strain rate jump tests are the indexes of the strain rate dependence of the flow stress. The variation of these strain rate parameters with the ARB cycles (i.e., the plastic strain applied by ARB) together with the temperature dependence of strength are discussed.
Experimental
Polycrystalline copper of 99.99% purity was used as a starting material. After annealing at 873 K for 2 h, copper sheets with an initial grain size of about 100 mm were subjected to the ARB process at room temperature (RT) with lubrication.
10) The ARB process was carried out up to N ¼ 8 where N is the number of ARB cycles. The equivalent strain for N ¼ 8 is about 6.4 in terms of the logarithmic strain.
11)
The ARB process initially induces microstructure with elongated grains to the rolling direction. The microstructure of copper at N ¼ 4 possesses the so-called lamellar boundary structure. 12, 13) However, the microstructure for N ! 6 consists of a mixture of relatively equiaxed and slightly elongated grains. 12, 13) At N ¼ 8, the spacing of high-angle lamellar boundaries of elongated grains was about 370 nm in the present study.
Using an electro-discharging machine, tensile specimens with 10 mm gauge length and 3 mm gauge width were cut from the ARB processed sheets with 1 mm in thickness. Although the tensile axis is parallel to the ARB rolling direction for the 6 and 8-cycle specimens, other ARB processed specimens have the tensile axis parallel to the transverse direction of the sheets. Tensile specimens cut from the starting Cu polycrystal (the annealed Cu before ARB) were also prepared. Tensile tests were made with an Instrontype testing machine at 77, 175 K (the melting point of methanol), 273 and 298 K within the accuracy of AE2 K.
Strain rate jump tests were conducted between the strain rates of 8:3 Â 10 À5 s À1 and 8:3 Â 10 À4 s À1 . The strain rate sensitivity m defined as
is an index to evaluate the dependence of the flow stress on the strain rate _ " ". When a strain rate jump from _ " " 1 to _ " " 2 causes the change in the flow stress from 1 to 2 during tensile tests, the strain rate sensitivity m is given by
For comparison, tensile tests of 99.99% copper single crystals were also performed. The single crystals were grown by the Bridgman method. Tensile specimens with 10 mm gauge length and 3 mm width were cut from the single crystals. The tensile axis of the specimens was chosen so that the initial plastic deformation occurs by single slip. The strain rate jump tests were carried out at 77, 175 and 298 K. The change in the strain rate sensitivity m caused by work hardening was measured during tensile deformation. Figure 1 shows the true stress-true strain (-") curves of specimens ARB processed by 4, 6 and 8 cycles at RT, which were simply converted from the nominal stress-nominal strain curves. Since uniform deformation is assumed to obtain true stress and true strain, the curves after macroscopic necking are not correct, strictly speaking. Although the tensile strength of the starting polycrystal before ARB was about 220 MPa, it increased with increasing the number of ARB cycles and nearly saturated (450 MPa) even at N ¼ 4. This saturation stress is slightly higher than 400 MPa reported in a previous study. 13) Another change in mechanical properties caused by ARB is the increase in ductility after 4 cycles: nearly twice larger at N ¼ 8 compared with that at N ¼ 4. A similar increase in ductility with increasing the number of ARB cycles or ECAP passes has also been found in previous studies. [13] [14] [15] [16] The changes in the flow stress Á associated with the sudden change of strain rate by a factor of ten amounted to 9 MPa at N ¼ 4 and 18 MPa at N ¼ 8. Generally speaking, Á increased with increasing the number of ARB cycles.
Results

Stress-strain curves at room temperature
Strain rate sensitivity at room temperature
The results of the strain rate jump tests for (1) the starting polycrystals (the annealed Cu before ARB), (2) the ARB processed specimens and (3) the single crystal specimens are summarized in Fig. 2 as the relationship between the strain rate sensitivity m and the flow stress that were converted into the true shear stress . We have evaluated the true shear stress from the true tensile stress by using the Taylor factor M T ¼ 3:06 for (1) the starting polycrystals and (2) the ARB processed specimens, or by using the Schmid factor of 0.5 for (3) the single crystal specimens.
In Fig. 2 , the data points shown by circles are the results for the single crystals, which indicate the variation of m due to the increase in the true shear stress (work hardening during tensile deformation). Although increases from about 10 to 100 MPa during the work hardening, the strain rate sensitivity m does not change significantly and stays between 0.003 and 0.005. These values are in agreement with previously reported values for work hardened Cu single crystals. 17) On the other hand, the data points shown by open and closed diamonds in Fig. 2 are the results for the starting polycrystals and ARB processed specimens. The mrelations for the starting polycrystals and ARB processed specimens with N 4 are similar to that for the single crystals. However, the higher-cycle ARB processes with N ! 5 markedly increase the m value as shown by closed diamonds and m reaches about 0.018 when N ¼ 8. The tensile strength of the ARB processed specimens with N ! 4 was nearly the same as shown in Fig. 1 , i.e., the large increase in m and the almost constant are found for the higher-cycle ARB processed specimens.
The Cottrell-Stokes (CS) law states that the ratio (Á=) is constant for various when Á ln _ " " is fixed. [17] [18] [19] Hence, from eq. (2), the strain rate sensitivity m should be unchanged during plastic deformation if the CS law is obeyed. The validity of the CS law in f.c.c. single crystals during work hardening has been discussed in previous studies. 17, 20, 21) In contrast, the ARB processed Cu at N ¼ 8 shows the value of m reaching 0.018. Such high values of m about 0.02 have been also reported for UFG Cu processed by ECAP. [1] [2] [3] [4] In fact, it is known that nanocrystalline Cu and Ni show high values of m such as 0.036 22) and 0.019. 6) 3.3 Stress-strain curves and strain rate sensitivity at low temperatures Figure 3 shows the temperature dependence of the true stress-true strain (-") curves of ARB processed specimens Fig. 2 The relationship between the strain rate sensitivity m and the true shear stress at RT for the conventional polycrystals (the annealed Cu before ARB), the specimens ARB processed by various cycles and the single crystal specimens.
Temperature and Strain Rate Dependence of Flow Stress in Severely Deformed Copper by Accumulative Roll Bondingby 8 cycles. With decreasing the test temperature T from RT to 77 K, both strength and ductility increase. However, with decreasing T, Á caused by the strain rate jump test decreases. As a result, the strain rate sensitivity m given by eq. (2) decreases with decreasing T. Figure 4 shows the mrelations at various temperatures. As expected, the m-curve moves towards lower m and higher with decreasing T, as observed earlier in Cu single crystals. 17) The higher-cycle ARB processes with N ! 5 increase m at 273 and 175 K. However, this effect of N on m is less pronounced at 77 K. Figure 5 shows the relationships between m and T. The data in this figure were obtained by plotting m measured at a certain strain: " ¼ 0:01 for the ARB processed specimens, " ¼ 0:15 for the annealed Cu before ARB and " ¼ 0:02 for the single crystals. We find that m decreases with decreasing T for all the specimens. We can see that the dependence of the m value on the number N of the ARB cycles decreases as temperature lowers. A similar decrease in m with decreasing temperature between 273 and 523 K has also been found for aluminium processed by severe plastic deformation. 16, 23) 4. Discussion
Activation volume at room temperature
The rate equation to describe thermally activated plastic flow is given by
where _ is the shear strain rate, _ 0 the pre-exponential constant, k the Boltzmann constant and G Ã the activation energy. 24, 25) The activation volume V Ã is given by 24 )
where is the applied shear stress. Then, from eqs. (1) and (4), V Ã is written as a function of m:
Although the strain rate sensitivity m itself is a phenomenological parameter obtained by mechanical testing, m can be related to the activation volume V Ã by eq. (5). The activation volume V Ã is also a value connected with the geometry of the activation process. Let us suppose that many short-range obstacles to the motion of dislocations are dispersed in materials and the activation process of plastic deformation is the interaction between a dislocation and a short-range obstacle. Then, the activation volume V Ã is written as
Where L is the dislocation length which takes part in a local activation event, d Ã the average activation distance and b the magnitude of the Burgers vector. The product Ld Ã is the activation area swept by a dislocation during the activation event. Figure 6 shows the relationships between the true shear stress and the activation volume V Ã (calculated from eq. (5)) for the specimens tested at RT. Since m was almost constant during work hardening of the single crystals, it is natural that the calculated V Ã of the single crystals is inversely proportional to the true shear stress . V Ã -relation is also found for the starting polycrystals and the ARB processed specimens with N 4. As shown in the log-log plot of Fig. 6 , these data points lie on a single line with a slope of À1.
To understand the V Ã / 1= relation, let us consider the Bailey-Hirsch equation
where is the density of forest dislocations, a constant (0.3-0.6) and the shear modulus. 27) When the forest dislocations are the thermal obstacles to the motion of primary dislocations, the spacing between the obstacles L can be considered as the dislocation length assigned to one activation event. Therefore, we have
From eqs. (6), (7) and (8) and assuming d Ã % b, we indeed have the V Ã / 1= relation of the form
On the other hand, the obvious deviation from the V Ã / 1= relation with increasing number of ARB cycles must be explained in a different manner. Dalla Torre et al. have also reported such a decrease in V Ã for Cu severely processed by ECAP. 3, 4) For comparison, their data are included in Fig. 6 . The anomalous decrease in V Ã appears to be common to Cu specimens that were severely deformed by ARB or by ECAP. This point will be discussed below.
4.2
The temperature dependence of the activation volume Using the results shown in Fig. 5 and eq . (5), we have obtained the temperature T dependence of the activation volume V Ã . Figure 7 shows the V Ã -T relations for various specimens. For the starting polycrystals and ARB processed specimens at N ¼ 4, V Ã decreases with decreasing T, as in the case of coarse-grained polycrystals. 5) Generally speaking, flow stress is lower and work hardening is less significant at higher temperatures. This means that some of the obstacles to the motion of dislocations are not effective and L is larger at higher temperatures. Moreover, the activation distance d Ã is usually an increasing function of temperature (decreasing function of stress). Since both L and d Ã become larger as temperature becomes higher, the experimental result that V Ã is an increasing function of T can be understood naturally.
However, Fig. 7 shows that the T dependence of V Ã starts to change with increasing the number of ARB cycles N. For the ARB processed specimens at N ¼ 6, V Ã is almost independent of T and, then, V Ã certainly increases with decreasing T in the ARB processed specimens at N ¼ 8. The same T dependence of V Ã also has been observed in vapor deposited Cu (d ¼ 500 nm), 5) as shown in Fig. 7 . Judging from the fact that Wang et al. reported the same temperature dependence of V Ã for NC Ni (d ¼ 30 nm), 6) it appears that the change in the temperature dependence of V Ã with decrease in the grain size is a universal phenomenon in f.c.c. UFG metals. As shown in Fig. 7 , the transition in the T dependence of V Ã occurs in the present ARB processed Cu at N ¼ 6. This critical number N ¼ 6 of the ARB cycles coincides reasonably with the onset of the anomalous increase of m in Fig. 2 and with the start of the anomalous decrease in V Ã in Fig. 6 . To discuss this transition, it is necessary to consider changes in microstructure with increasing the ARB cycle. Grain refinement occurs markedly by the initial ARB process up to N ¼ 2.
28) Afterward, the spacing of high-angle lamellar boundaries slightly decreases with increasing N and approaches to a constant size, about 350 nm when N ! 4. 28) In addition to the formation of lamellar boundary structure, the ARB process initially induces deformation microstructure consisting of low-angle boundaries. 28) However, the fraction f HAGB % 55% at N ¼ 6 28) and f HAGB % 60% at N ¼ 8.
29)
When N ! 6, both the ultra-fine grains and the large fraction of high-angle boundaries are developed in the ARB processed Cu. 28, 29) An explanation of the transition in the T dependence of V Ã is possible if we assume that the ratecontrolling deformation mechanism changes, as will be discussed below, when such characteristic microstructures develop in Cu.
Instead of the interaction between dislocations and the intra-grain obstacles, Kato et al. have proposed a dislocation bow-out model to explain mechanical properties of UFG materials. 7) In this model, a glide dislocation is considered to be nucleated at grain-boundary sources and bow out between two pinning points on the boundary. Plastic deformation occurs when a dislocation takes an unstable shape under the applied stress. The dislocation bow-out between pinning points on a grain boundary is illustrated in Fig. 8 . The boundary pinning points are most probably short-range obstacles for the detachment of dislocations from the boundary, as pointed out by Wang et al. 6) Then, a thermal activation process can operate and a smaller dislocation bowout is sufficient to thermally overcome the obstacles as temperature becomes higher. As a result, as shown in Fig. 8 , the associated activation area (shaded area) becomes smaller at a higher temperature. Therefore, when the thermally activated escape of a dislocation from boundary pinning points is rate-controlling, the anomalous V Ã dependence on T can be explained at least qualitatively.
It is now generally believed that for plastic deformation of UFG and NC materials, grain-boundary dislocation sources becomes more important than in-grain sources as grain size becomes smaller. 30, 31) In this respect, the present study may be regarded as an attempt to find the transition of the deformation mechanism. Further experimental and theoretical studies will reveal whether or not the present discussion, analysis and assumptions are indeed effective and reasonable.
Conclusions
The most important findings of this study on copper after severe plastic deformation by ARB are: (1) At RT, the values of the strain rate sensitivity m for the single crystals and the polycrystals before ARB are about 0.005. The low-cycle ARB processes with N 4 do not affect m. However, the high-cycle ARB processes with N ! 5 increase the values of m to be 0.018 when N ¼ 8. 
